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Abstract
The rigid-link manipulators have been extensively em-
ployed in industrial setting nowadays. However, prob-
lem arises when such manipulators are assigned to work
alongside human or employed in cluttered, complex,
and tight environment. Hence, continuum manipula-
tor, with its inherent compliant and flexibility, is prefer-
able in this aspect. In this paper, we present our re-
cent work presenting a real-time pose estimation and
obstacle avoidance for continuum manipulator in dy-
namic environments. The approach is shown to work
in a model of both single-segment and multi-segment
continuum manipulator and also in a real tendon-driven
single-segment continuum manipulator in dynamic en-
vironment, and thus, suitable to be used in human envi-
ronments.
Introduction
Nowadays, the field of rigid-link manipulators is a well-
established discipline. Its ability to have precise position
control and trajectory generation for doing various manip-
ulations and tasks has made it popular in industrial setting.
The rigid-link manipulators are now used daily in various in-
dustrial environment and manufacturing plants worldwide.
However, the current generation of rigid-link manipulators
are mainly employed automatically in task with limited hu-
man intervention due to the safety reason. This constraints
the applicability of such manipulators to tasks which require
human-robot collaboration.
Several researchers proposed solutions for safer human-
robot interaction, such as the utilization of flexible joint (Oz-
goli and Taghirad 2006) and variable stiffness actuator (Kim
and Song 2010), an elastic strip approach which exploits re-
dundancy of the manipulators (Khatib et al. 1999), (Brock
and Khatib 2002), and others which include safety criteria
to robots motion planning and obstacle avoidance (Haddadin
et al. 2013). These, however, do not eliminate the fact that
most industrial manipulators still need an open space and
well-defined environment in order to execute the task.
One alternative solution is by employing a continuum-
style manipulators, mainly used in medical applications
(Burgner-Kahrs, Rucker, and Choset 2015). Mostly inspired
Copyright c© 2015, Association for the Advancement of Artificial
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Figure 1: A tendon-driven single-segment arms used as a
model in this paper. To measure the tip’s pose and the obsta-
cle’s pose, the NDI Aurora tracker can be adopted.
by nature, such as octopus arm (McMahan et al. 2006) or
snake (Hirose 1993), continuum manipulator has an ability
to bend at any point along its body. Thus, it is very suit-
able to be used in complex and tight environments where
the rigid-link counterparts would be unable to manoeuvre.
Its inherent compliance will also make it safer and more
adaptable when interact with sensitive environment, includ-
ing human. Continuum manipulators, for example mounted
on mobile platforms, will have more flexibility than their
rigid-link counterparts when employed in industrial setting
with human presence.
However, the advantage of backbone flexibility possessed
by continuum manipulators comes with the consequence of
difficulty in modelling their structure. This will in turn com-
plicates the motion planning and trajectory generation. The
model-based pose estimator is needed to correctly estimate
the pose of manipulators body such that the real-time obsta-
cle avoidance can be employed to safely avoid collision with
human or dynamic environments.
In this paper, we present a real-time obstacle avoidance
for continuum manipulators in dynamic environments. The
obstacle avoidance is equipped with non-linear observer to
estimate the pose of any point along the body of manipu-
Figure 2: An illustration of three segments continuum ma-
nipulator with mobile base.
lator to make sure that the whole body of the manipulator
can avoid collision. The algorithm is tested for a model
of tendon-driven single-segment continuum manipulator as
shown in Figure 1 and has been verified experimentally as
presented in (Ataka et al. 2016). The obstacle avoidance is
also implemented to a model of multi-segment continuum
manipulators with mobile platform (Ataka et al. 2016). The
overall algorithm is shown to work well in avoiding moving
obstacle, and thus, makes it suitable to be used in human
environments.
Continuum Manipulator
Kinematic Model
Here, we present a model of a tendon-driven continuum
manipulator. The manipulator is moved by modifying the
length of three uniformly distributed tendons along the sur-
face in each segment The model is based on constant-
curvature assumption, i.e. each segment is assumed to have
a constant radius of curvature at a given time. Each seg-
ment can then be parameterized by configuration space vari-
ables ki consisting of curvature κi, deflection angle φi, and
segment length si. The forward kinematics relation map-
ping these variables to task space position of the segments
tip is presented in (Webster and Jones 2010). For a contin-
uum manipulator with mobile platform, as shown in Figure
2, the homogeneous transformation of the end-effector with
respect to the world frame is expressed as
N
0 T(k) = TB
N
∏
i=1
i
i−1T(ki) (1)
Where N specifies the segment number, k =
[k1 k2 ... kN ]T denotes the vector consisting of con-
figuration space variables of all segments, and TB ∈ SE(3)
denotes the homogeneous transformation matrix of the
frame attached to the base.
Moreover, the mapping from the configuration space vari-
ables k to the actuator space q, in this case specifies tendons
length, is also well defined in (Webster and Jones 2010).
Adding the mobile platform pose q0 to the actuator space
q, we have q = [q0 q1 ... qN ]T where each component
qi consists of the tendon length of each segment, written as
qi = [li1 li2 li3]
T .
In order to specify any point along the body of the manip-
ulator, we use a scalar ξi ∈ [0,1] for each segment, ranging
from the base (ξi = 0) to the tip (ξi = 1). The list of scalars
ξi for all segments are then combined to be a vector ξ whose
value is govern by ξ = {ξr = 1 : ∀r < i,ξi,ξr = 0 : ∀r > i}.
In short, we can write the forward kinematics of the con-
tinuum manipulators as
N
0 T(q,ξ ) =
[
R(q,ξ ) p(q,ξ )
01×3 1
]
(2)
where R(q,ξ ) ∈ SO(3) stands for the rotation matrix and
p(q,ξ ) ∈ R3 stands for the position vector of the point
along the body of manipulator. The Jacobian for our kine-
matic model, defined as J(q,ξ ) = ∂p(q,ξ )∂q ∈ R3×(3N+6), is
expressed as follows
p˙(q,ξ ) = J(q,ξ )q˙⇔ q˙ = J(q,ξ )−1p˙(q,ξ ). (3)
State-Space Representation
The kinematic model can also be expressed in terms of state
space representation, i.e. the state equation and output equa-
tion. Here, we present the state space analysis for a static
single segment only. We use the tendon length q ∈ R3 as
our state, x ∈ X . Hence, the input to our system, u ∈U , is
given by the actuator lengths rate of change, q˙ ∈ R3, which
is governed by DC motors connected to the tendon. The
measurement value yk ∈Y comes from a position sensor em-
bedded in the tip of manipulator. The NDI Aurora tracker,
like the one shown in Figure 1, can be used for this pur-
pose. Hence, the output equation matches the component
of the matrix given by the forward kinematics relation in 2,
p(q,ξ ) for ξ = 1 (tip). Here, X , U , and Y denote the state
space, input space, and output space respectively.
The state space and output equation in discrete form, for
a sampling time of ∆t, can then be expressed as
xk+1 = f (xk,uk) = xk+∆tuk. (4)
y = g(xk) = p(q,ξ = 1), (5)
where the function f : X×U→ X is used to map the current
state and input to the next state while g : X → Y is used to
map the current state to the output.
However, using only this information is not enough to es-
timate the pose of the whole body of the manipulator, due to
the unknown initial state value. This is where the non-linear
observer is needed to estimate the state and, in turn, use the
estimation state to estimate the pose of any point along the
body of manipulators.
Pose Estimation and Obstacle Avoidance
Pose Estimation
Based on the presented state space model, we employ a
well-known Extended Kalman Filter (EKF) approach to our
Figure 3: The proposed pose estimator and obstacle avoidance algorithm. An ideal kinematics model, added with Gaussian
noise, is used to replace the continuum manipulator and the pose sensor during the simulation.
model. The EKF can be formulated as
xˆk+1|k = f (xˆk|k,uk),
Pk+1|k = AkPk|kATk +Qk,
Kk = Pk+1|kCTk (CkPk+1|kC
T
k +Rk)
−1,
xˆk+1|k+1 = xˆk+1|k+Kk(yk−g(xˆk+1|k)),
Pk+1|k+1 = (I−KkCk)Pk+1|k.
(6)
xˆk+1|k+1, xˆk|k, uk, and yk represent the next state estima-
tion, the current state estimation, the input signal, and the
measurement data respectively. The matrix Qk ∈ R3×3 and
Rk ∈ R3×3 are the process noise variance and measurement
noise variance respectively.
The matrix Ak and Ck are defined as A =
∂ f (xk,uk)
∂xk
, B =
∂ f (xk,uk)
∂uk
and C = ∂g(xk)∂xk respectively and can be written as
Ak =
∂ f (xk,uk)
∂xk
= I ∈ R3×3, (7)
Ck =
∂g(xk)
∂xk
=
∂p(qk,ξ = 1)
∂qk
= J(qk,ξ = 1). (8)
The estimation state can then be used to estimate the pose
of any point along the body of manipulator using a forward
kinematics relation in (2) by modifying the scalar ξ from 0
(base) to 1 (tip). This information is used in the obstacle
avoidance stage.
Modified Potential Field
The reactive potential field presented in (Khatib 1985) is
modified here. The idea is to use the potential function U to
attract the tip of manipulator to a desired target position and
repel its body from colliding with environment. A standard
potential field, which usually produces a task space force
F = −∇U , is modified such that it is suitable to be used
in continuum manipulators kinematic model. Rather than
force, the task space velocity p˙ is produced.
The attractive potential field is given by
p˙pd =−c(p−pd). (9)
where pd and c represent desired position and a positive con-
stant gain respectively. The repulsive field is expressed as
p˙O =
{
η( 1ρ − 1ρ0 )
1
ρ2
∂ρ
∂p if ρ < ρ0
0 if ρ ≥ ρ0
. (10)
where ρ =
√
(p−pO)T (p−pO) denote the closest distance
from an obstacle to the manipulator’s body, η is positive
constant, and ρ0 indicates the limit distance of the potential
influence.
In order to achieve safer obstacle avoidance, the repulsive
potential needs to be applied not only at the tip but also at
points along the body of manipulator. Therefore, we define
point subjected to potential (PSP) as a point in the backbone
of manipulator in which the repulsive potential is possible to
be applied. The PSP to be chosen is the closest one to the
obstacles or environments. The position of this PSP as well
as the tip are all estimated by the pose estimation stage at
every iteration as follows
pˆk(ξ ) = p(xˆk|k,ξ ). (11)
Finally, each attractive and repulsive velocity in task
space, using their corresponding working points, are
mapped to the actuator space via inverse Jacobian relation.
The combined velocity in actuator space is then fed as an
input to our manipulator, uk, as follows
uk = q˙ = J−1e p˙pd +J
−1
a p˙O , (12)
where Je and Ja indicate the Jacobian of the tip and the cho-
sen PSP respectively and p˙Ob represents repulsive potential
produced by the closest obstacle.
The overall pose estimation and obstacle avoidance algo-
rithm is combined as shown in Figure 3.
Mechanical Constraint Avoidance
Other problem that needs to be addressed for this kind of
manipulator is the inherent mechanical limitation which can
disturb the movement of the manipulator in avoiding obsta-
cle. In a tendon-driven manipulator, the tendons length li j
can only be in the region of (1−ζ )L< li j < (1+ζ )L where
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Figure 4: Illustration of the proposed potential function de-
signed to satisfy mechanical constraint as function of the
tendon’s length and end-effector-to-target Euclidean dis-
tance.
ζ and L represent extension ratio and normal length respec-
tively.
We propose an attractive potential in actuator space to at-
tract the length towards normal length L, and thus, makes the
tendons avoid mechanical constraint. The potential function
is described as
Ulim(q) =
N
∑
i=1
3
∑
j=1
σ(
li j−L
ζL
)2, (13)
where σ is positive constant. The attractive velocity field is
as follows
q˙lim(q) =−2σ 1ζ 2L2 (l−L), (14)
where l = [l11 ... l13 l21 ... lN3]T and L = L13N×1.
Moreover, we weight this potential field by a weight func-
tion w which will reduce the contribution of the mechanical
constraint field as the end effector approaches the target po-
sition, as follows
w(x) = (1− e−µ‖(x−xd)‖), (15)
where µ is positive constant.
Figure 4 shows an illustration of this potential as a func-
tion of tendons length as well as the distance between end-
effector and the target. The final proposed mechanical con-
straint avoidance in actuator space is given by
q˙new(q,x) =
[
06×1
w(x)q˙lim(q)
]
(16)
so that the total potential is given by
q˙(q) = Je(q)+x˙xd (x)+
m
∑
a=1
n
∑
b=1
Ja(q)+x˙Ob(x)+ q˙new(q,x)
(17)
Results and Discussion
Here, we present the implementation of our approach both
in the simulation and the experiment. The combined pose
estimation and obstacle avoidance for single segment case
is tested on a model of continuum manipulator running in a
real-time simulation environment. The obstacle avoidance
Figure 5: A single segments continuum manipulator’s move-
ment with a static target position (small red dot) when ob-
stacle (black sphere) moves close to the tip. The order of
movement is as follows: upper left picture, upper right pic-
ture, lower left picture, and finally lower right picture.
algorithm without the pose estimation is also validated in
an experiment as presented in our publication (Ataka et al.
2016). Moreover, we also applied the obstacle avoidance
and mechanical constraint avoidance to a model of multi-
segment continuum manipulator as presented in the same
publication. A moving obstacle, assumed to be a 5-mm-
radius sphere, moves at a constant speed in the surround-
ing of the manipulator to simulate the part of human body’s
movement.
Single Segment Case
In this subsection, we will first present the simulation re-
sults of a combined pose estimation and obstacle avoidance.
For the pose estimation, to simulate the sensor, an ideal
kinematic model with added Gaussian noise is used. This
perfect kinematic model has a true state xk updated at ev-
ery iteration based on the model kinematics. However, the
value is assumed to be unaccessible for the obstacle avoid-
ance, which will only capitalize the estimated states xˆk from
the EKF. The noise has zero-mean and the standard devi-
ation of σ = 10−4. The variance matrix is then given by
R = σ2I ∈ R3×3. The black sphere represents the obstacle
while the rod dot represents the tip’s target, assumed to be
(a) (b)
Figure 6: A single segments continuum manipulator’s movement with a static target position (small red dot) when obstacle
(black sphere) moves close to the middle point of the manipulator’s body (a) in x-axis direction and (b) y-axis direction. The
order of movement for each subfigure is as follows: upper left picture, upper right picture, lower left picture, and finally lower
right picture.
fixed.
We show several scenarios, such as an obstacle moves
close to the segment’s tip, as depicted in Figure 5 and moves
close to the middle part of the backbone, as shown in Figure
6a (for the obstacle’s movement in x-direction) and Figure
6b (for the obstacle’s movement in y-direction). We can con-
clude that the proposed algorithm works well to improve the
safety of the robot’s body from collision. The main con-
tribution of the algorithm, however, is demonstrated when
the obstacle move at a lower height, such as in Figure 6.
Our proposed algorithm enables not only the tip but also the
body of manipulator to avoid obstacle.
The obstacle avoidance algorithm, without the pose es-
timation, has been implemented in an ortho-planar spring
tendon-driven continuum manipulator as shown in Figure 1
as presented in (Ataka et al. 2016). The Maxon DC Mo-
tors are used as actuators. An electromagnetic-based Aurora
sensor coil is embedded in the tip of the manipulator to track
the position of the tip. The obstacle is represented by a sec-
ond sensor coil hung in the air by a thread. The obstacle is
assumed to be a sphere with radius of 0.01 m whose centre
is specified by the second sensor coil’s location. The target
is assumed to move in a straight line.
We can see from Figure 7, from left to right, both the
3D view (Figure 7a) and the top view (Figure 7b) of the
tip’s movement, as well as the comparison between the tip-
obstacle distance and the target-obstacle distance (Figure
7c). Without pose estimation, the PSP is assumed to be lo-
cated only at the tip, hence, only the tip will be safe from
collision.
Three Segments Case
Here, we present the performance of our proposed mechan-
ical constraint avoidance in a model of three-segments con-
tinuum manipulator. We can see how our proposed algo-
rithm improves the performance of continuum manipulator
in tracking the moving target. Without our algorithm, once
the tendons length reach their limit, there appears an im-
mediate reduction in the manipulator’s maneuverability such
that the tip is unable to reach the moving target, as shown in
Figure 8a. While, using our algorithm, it is shown in Figure
8b that the manipulator’s tip is able to track the moving tar-
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Figure 7: The manipulator’s tip (red line) tracks the desired trajectory (blue line) and avoids static obstacle (black spheres)
nearby in (a) 3D view and (b) top view. (c) The graph shows the closest distance from the obstacle to the estimated manipulator’s
body (red line) and to the target (blue line) respectively.
(a)
(b)
Figure 8: The movement comparison between the continuum manipulator (a) without the proposed algorithm and (b) with the
proposed algorithm.
get smoothly. The complete obstacle avoidance simulation
results can be seen in (Ataka et al. 2016).
Conclusions and Future Works
In this paper, we present our works on real-time obstacle
avoidance, based on modified potential field, for continuum
manipulators in dynamic environments. The obstacle avoid-
ance can be equipped with a pose estimator, based on an Ex-
tended Kalman Filter, to make the whole body of manipula-
tor safer from collision. The novel potential field in actuator
space is also proposed in order to avoid the inherent mechan-
ical constraint of the manipulators. The combined obstacle
avoidance and pose estimator is shown to perform well in
a simulation for the model of tendon-driven single-segment
continuum manipulator. The proposed potential field is also
verified in experiment. The extension of the obstacle avoid-
ance for multi-segment case as well as the mechanical con-
straint avoidance is implemented successfully in a model of
three-segments continuum manipulator.
The proposed algorithm has a promising capability to be
implemented in a real environment consisting human. For
the future works, the whole algorithm can be fully imple-
mented for the real multi-segment continuum manipulators
equipped with electromagnetic-based position sensors. The
experiment to test the whole algorithm in a continuum ma-
nipulator with mobile platform will also be investigated in
the future.
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